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BOUNDARY-IAYERDEVELORIEIITAND~ FRICTIONATMACHNUMBER3.05

By PaulF.BrinichandNickS.Diaconis

NJMMARY

Boundary-layerstudiesconsistingof schlierenobservationsand
momentumsurveysweremadeonhollowcylindermodelswiththeiraxes
alinedparallelto thestream.Resultswereobtainedforthreemodel
diametersandfornaturalandartificiallyinducedturbulentboundary-
layerflows.

TransitionReynoldsnumberswerefoundto decreasewithdecreases
inleading-edgethicknessandwithreductionsintunnelpressurelevel.
Turbulenttemperature-recoveryfactorsgenerallydecreasedwithincreasing
Reynoldsnumberandwerea maximumforthesmallesttransitionReynolds
numbers.

. Theresultsofthisinvestigationapyearedtobe consistentwith
thetheoreticalturbulentfrictionformulasofWilsonandwiththeextended
Frankl-VoishelanalysisofRubesin,Maydew,andVarga.Velocityprofilesa intheouterportionoftheboundarylayercouldbeapproximatedreason-
ablywitha 1/7powerprofileandwerefoundtobe approximatelySimilar
inthisregion.Velocityprofiles.givenbythe-universal turbulent
boundary-layerprofileparameterswerefoundtobe similarin theMnin.ar
sublayerandintheturbulentregion.

INTRODUCTION

Total-pressuresurveysoftheturbulentboundarylayerat supersonic
speedsaremadeandanalyzedinreferences1, 2,and3 forthepurpose
of determiningskin-frictioncoefficientsas a functionofReynolds
number.Resultsofan investigationof a flatplatemodelspanningthe
tunnelarereportedinreference1. Turbulentboundarylayerswere
formedbythenaturaltransitionfromlaminartoturbulentflowand
surveysweremadeat severalpositionsalongthemodellength.TheMach
numberofthestreamwasvariedfrom1.70to.2.19andthetunnelwas
operatedata ponstantstagnationpressureat eachMachnumber,giving
a maximumReynoldsnumberofabout22x106fortheturbulentboundary

e layer.To obtainthe.resultsgiveninreference3, a smallerflatplate
modelwasusedandturbulentboundarylayerswereformedby therapid

?
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n
artificialtransitiontoturbulentflow.A-maximumReynoldsnumberof
1.1X106wasattained.ThestreamMachnumberwas2.5andthestagnation
pressureswere30and40poundspersqyareinchabsolute. ?

Integratedfrictioncoefficientswereobtainedinreference1 by
equatingthemeasuredmomentumdefectsto thedragandmakingsuitable
correctionsto thelengthofturbulentrunbecauseofthepresenceofthe
laminarboundarylayerupstream.In reference3 correctionsto thelength
ofrunwerenecessarybecauseofthehighinitialthicknessofthe S’
boundarylayerneartheleatingedgecausedbythecoatingusedtopromote E
earlytransitionto turbulentflow.

Thepresentinvestigation,whichwasmadeattheNACALewislabora-
tory,isan extensionoftheaforementionedexperimentalinvestigations
to a higherMachnumberandcontainsa moredetailedinvestigationof
theeffectof”Reynoldsnumbervariationontheboundary-layerdevelopment
~d sld.n-frictioncoefficient.Theconventionalflatplatesofrefer-
ences1 and3 werereplacedby hollowcylinderswithaxesalinedparallel
to thestreamdirection.Itwasbelievedthattheflowoverthecylinders
wouldbe lesssubjecttodisturbinginfluencescausedby thethicktunnel
side-wallboundarylayersthantheconventionalflattestplatemounted *-

fromthetwotunnelsidewalls.@ ordertodeterminewhetherthe
boundarylayerdevelopedin thesamemanneras ona flatplate,boundary-

—

layermeasurementsweremadeonthreecylindershavingdifferent
*

diameters.

Testswereconductedat a streamllachnfiberof about3.05andat
stagnationpressuresfrom7 to50poundspersquareinchabsolute.“T%i”s
rangeofpressurepermitteda Reynoldsnumber-variationfromabout1 to
8X106perfoot,ora maximumReynoldsnumberof14X106.

Each.ofthethreemodelswastestedwithnaturalandartificial
transitiontoturbulentboundary-layerflowGodete-ne”inwhatrespect
thetwotypesof developmentaresimilarand-whetheritispossibleto
obtaina correlationofturbulentskin-frictioncoefficientsfromarti-
ficiallyturbulentboundaryhyersd

Theanalysisoftheexperimentalresultsismadeina mannersimilar
tothatindicatedinreferences1 and3 and,inaddition,includesthe
measurementofthelocalskin-frictioncoefficientanda determination
oftheshapeof theboundary-layerprofileintermsoftheK&m&nsimi-

●

larityparametersforturbulentboundary-layerflow.
—

v

APPARATUS 8

Thethreebasiccylindermodelsusedinthisinvestigationare --
shownin figure1 togetherwithpertinentdimensions.Theadditionof
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roughnessneartheleadingedgeoneachof thesemodels,gavea totalof
sixconfigurationstested.Themodelswere3,4, and5 inchesinoutside
diameterand31 inchesin length.Thesteelmodelswereturned,ground,
andpolished,andtheleadingedgeswerehart@nedtomaintaintheir
sharpness.A singlestrutwasprovidedformountingthecylinderson-the
tunnelsidewall. Figure2 showsa sketchofthe5-inchmodelinthe
tunnelandtheinstrumentationsetupforsurveyingtheboundarylayer.
Thetunnelusedfortestingthemodelwasthe1-by l-footvariable
Reynoldsnumbertunnel, whichisa nonreturntypehavinga stagnation
pressurerangeof5 to52 poundspersquareinchabsolute.

Static-pressweorificeswereprovideda~q fourlinesonthetop,
bottom,andtwosidesofthemodels.Spacingbetweenorificeswas
3 inchesontheprobingside,and6 inchesonthetop,bottom,and
oppositeside.Additionalinstrumentationwasprovidedoutsideand
insidethelipin somecases.Fourinsulatedthermocoupleswereimbedded
intheoutsidesurfaceofthe5-inchcylinderjustbelowthelineof
static-pressure.orificeson thesurveysideofthemodelat distancesof

3, $, l+, andl% inchesfromtheleadingedge.

Theroughnessusedtocauseearlytransitionfromlan@narto turbu-
lentflowconsistedofa singlelayerofnuniber60Carborundumgrit
applied.ina clearlacquercoatingintheformof a bandextendingfrom
theleadingedgeto l/2inchdoirnstream.Thecoatinghada decreased
densityneartheleadingedgetomi@mizeitseffectivebluntness.

Theconventionalboundary-layer-typetotal-yressureprobesusedwere
madeof0.030-by 0.002-inchstainless-steeltuhi~_fl.attenedat theend
to0.006-inchthicknesswitha 0.002-inch-highopening.Theseprobesare
shownin figure3. Probe(a)wasusedonthesurveysideofthemodel
andwas3 incheslongfromtiptoheel;probes(b)and(c]wereusedon
thetopandbottomofthemodelandwere4 incheslong. Frobe(a)was
translatedbya mechanismwhichhada *0.0M)5-inchpositioningaccuracy.
Theaveragepositioningaccuracyrelativetithemodelwasabout
~0.~2 inch. Robes (b)and(c)wererotatedbya mechanismhavinga
comparable
manometers

positioningaccuracy;Totalpressureswere
andstaticpressures,on differentialbutyl

measuredonmercury
phthalatemanometers.

PROCEDURE

* Beforemakingboundary-layermeasurementsonthethreemodels,
adjustmentsinangleofyawandatta6kweremadetominimizethediffer-
encesof staticpressureonop~.sitesidesof.themodel.. In eachcasethe
finaladjustmentofthemodel,whichamountedtoyawingit a maximumof
1/2°fromthetunnelcenterline,fieldeda pressuredistributionin
whichopposite.orificeshadmaximumpressuredifferencesofabout
3 percent,Afterproperalinementof’themodelhadbeenachieved,-static-
pressuredt~tributionswereobtainedat stagnationpressuresof 7,12;”20,
30,40,and50 poundspersquareinchabsoluteforeachof thethree “
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models.Likewise,schlierenphotographswereobtainedto showthe
leading-edgeshockformationandtheboundary-layerdevelopment.For *
the5-inchmodel,surfacetemperaturemeasurementsweremadethroughout
thepressurerange.Thestagnationtemperaturewasapproximatelyconstant
at50°F witha meanvariationof5°F andthedewpointwaskeptbelow
-40°F.

Total-pressureboundary-layersurveysweremadeat eightpositions
alongthemodel3 inchesapart,starting0.5inchfromtheleadingedge
andextending21.5inchesback. Thestagnationpressuresatwhichthese :
surveysweremadeareindicatedforeachofthemodelsinthefollowing

4N
table:

Model I!?unnelstagnationpressure(lb/sqin.abs)
dismeter
(in.] I?aturaltransitionArtificialtransition

3 12,50 12
4 12, 50 12
5 7, 12, 20, 30, 50 7, 12, 20, 30, 50

Additionalcheckmeasurementsonthetopandbottomof themodelwere
obtainedto findwhethertheboundary-layer--developmentaboutthemodel
wassymmetrical.Allsurveysweremadeafterthemodelsurfacetempera-

.

m

turesandpressures

Thefirststep

hadreachedequilibrium.

Reductionof PressureSurveyData

in computingthevariousboundary-layerquantities
used inthefollowinganalysiswasto obtaintheboundary-layerMach
numberdistributionsusingthetotal-pressuresurveysandmodelsurface
staticj&essures.Thiswasdoneby makingtheconventionalassumption

—

ofa constantstaticpressurewithintheboundarylayernormalto the
surfaceandusingtheRayleighrelationfora supersonicpitottube.
BecausetheexternalandinternalflowMachnumbersdidnottiffer
greatly,it couldbeinferredthattheflowoverthecylinderisadiabatic
andthattheassumptionof constanttotaltemperaturethroughoutthe
boundarylayerisreasonable.Withthisassumption,velocityprofiles
werecomputedfromtheMachnumberprofilesusingtheexpression

.

(Allsymbolsusedinthisreportarelistedintheappendix.)Two-
dimensionalboundary-layerdisplacementthicknesses5* werecomputedby
theequation
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5

andthecorres~niklagmomentumthicknesse, bY

where

1++M2
P—=
PI 1+%1M,2

G J.

. A moreprecisecalculationof themomentumthickness,
thecylindricalformofthemodel,wasmadeusingthe
erence4]

*

e=e

,

where r istheradiusof
termon therightsidewas
downstream.

.

takingintoaccount
equation(ref-

thecylinder.Thecontributionofthesecond
a maximumof 14~ercentforpositionsfarthest

Althoughheat-transfereffectswereassumednegligible,therestill
remainsa questionconcerningtheerrorresultingfromassumingthetotal-
temperaturedistributionintheboundarylayertobe a constant.It is
showninreference1 thatthisassumptionhasverylittleeffecton the
velocityor ontheUsplacementandmomentumthicknessesof turbulent
profilesatMachnumber2. To checkthevalidityof thisassumptionat
a Machnumberof3.05,temperaturedistributioncalculationsbasedon
thetheoryofreference5 weremadeforfourtypicalturbulentprofiles
usingactualvelocityprofilesandobservedwalltemperaturedata. The
maximumchangeinvelocityfromthatobtainedforthecaseof constant

*
totaltemperaturewas‘~ percent,andtheaveragechangesindisplace-
mentandmomentumthiclmesseswere-0.3and-2percent,respectively.

-7
In general,boththeskin-frictioncoefficientandtheReynolds

numberusedinan experimentalcorrelationofthesamemustbebasedon
somevalueofthedynaicpressurewhichisrepresentativeofthefree-
stresmvalue.Suchvaluesofthedynamicpressurewereobtainedfroman
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arithmeticaverageofthefree-streamMachnumberalongthecylinder.
Becausethefrictioncoefficients(whichalsodependonthemomentm
thicknesses)werecalculatedassuminga zeropressuregradient,the

*

observedmomentumthiclmesshadtobe correctedfarsmalldeviationsin
Machnumberfromthearithmeticaverageobtainedalongthemodel.The
methodformakingsuchcorrectionsisgiveninreference1 andwasapplied
to themeasuredvelocityprofilestoobtaincorrectedvaluesofmomentum
thickness.Themaximumcorrectionofthemmentumthicknessdidnot
exceed2 percent.Allthevaluesofmomentumthickness,frictioncoef- A
ficient,andReynoldsnumbershowninthefigureswerecorrectedaccording
totheprecedingscheme. ‘j

AccuracyofIYessureMeasurements

Total-pressuremeasurementsintheboundarylayerwereestimatedto
be accurateto~C1.03inchofmercuryandstaticpressures,to~0.05inch.
ofbutylphthalate.TheselimitationsresultedinaverageMachnumber
errorsoffO.03forthelowesttunnelpressureleveltests~higherpres-
sures,of course,resultedin greateraccuracy. .

In computingthevelocityprofiles,theeffectivecenterofthe
pitottubewastakenas itsgeometriccenter,andtheedgeoftheboundary K _
layerwasselectedasthepointwherethevelocityequaled,about99.9per-
centofthefree-streamvelocity.Probableerrorsin computingmomentum
thicknes~basedonthegivenaccuracyinMachnumberandtheInherent
accuracyoftheprobe~sitioningdevicewereapproximatelytl.5percent.

Thedeterminationof thesloped@/dxwhichwasusedtofindthe
localfrictioncoefficientwassu;jectkolarge
ofthegreatlatitudewithinwhicha fairingof
couldbe drawn.Theprobableerrordueto‘&is
~10percent.

RESULTSANDDISCUSSION

The”ultimatepurposeofthisinvestigation

uncertaintiesbecause”~-
theexperimentalpoints
fairingwasestimatedat

isto correlatetheskj.n-
frictioncoefficients-obtainedfrommomentfisurveyswiththeReynolds
number.Beforethiscorrelationcanbemade,however,severalfactors
mustbe consideredto determinewhethertheconditions,oftheexperiment
sufficientlyapproximatetheassumptionsof thetheorieswithwhichthe

—

experimentalresdtsaretobe compared.Thesefactorsare:
r

thedegree
towhichtheactualpressureorMachnumbergradientalongthemodel
approximatestheze”rogradient,thedetermin-ationofthelaminarand
turbulentflowre<lons,,theeffectoftheleadingedgeontheinitial

r“

boundary-l”ayerdevelopment,theconsistencyof’the.measured,wall ,,.
temperature-recoveryfactorwiththeassumptionof.zeroheat,transfer,
andtheeffectof cylinderdiameterontheboundary-layerdevelo~ent...
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LongitudinalMachNumberandPressuieDistributions

.

.

ThelongitudinalMachnumberdistributionsforthe3-,4-,and5-inch
modelswithnaturalandartificialtransitionareshownin figures4(a),
(b),and(c),respectively,at thevariousstagnationpressures.Mach
numberswereobtainedfrotiprobetotal-pressureandmodelstatic-pressure
data;mostof themeasurementsweremadealongthesideofthemodel.

TheMachnumberalongthemodelgenerallyincreasesfromslightly
downstreamof theleadingedgeto x= 15.5in~hesj thereafterit drops
to lowervaluesfartherdownstream.Accordingto themomentumequation,
thesechangesinMachnumberwouldcauseerrorsinthevalueofthelocal
frictioncoefficientcomputedonthebasisofa zeroMachnumbergradient.
Thesegradientsintroducemaximumerrorsof about2 percentfor x less
than15.5inchesand10percentfor x greaterthan15.5inchesonthe
5-inchmodelhavingartificialtransition,whichrepresentstheworst
case.

A comparisonofpointson thetop,bottom,andsideofthemodelat
equaldistancesfromtheleadingedgerevealsslightlyhigherMachnumbers
andhencelowerstaticpressureson thetopandbottomof themodelthan
ontheside. Schlierenobservationshowedno streamdisturbances,such
as shockwaves,whichwouldcausesuchconsistentvariationsinobserved
pressure.Theexistenceof suchdisturbancesisnotprecluded,however,
sinceschlierenobservationsalonga verticallightpath,thatis,through
thetopandbottomof thetunnel,wereimpossible.It isbelievedthat
theresultingpressuregradientsaroundthebodymaycausesecondaryflows
whichwouldtransportlowenergyairto thetopandbottomof themodel,
givingmorepronouncedboundary-layerdevelopmentsthere.

SchlierenObservations

Typicalschlierenphotographsoftheflowpastthe5-inchmodelat
a stagnationpressureof50 poundspersquareinchabsoluteareshownin
figure5(a)fornaturaltransitionandin figure5(b)forartificial
transition.No tunnelstresmshockwavesarevisible,indicatinguniform
flowinverticalplanesparallelto theflow. Thestartingshockofthe
cylinderappearstobe completelyswallowedas indicatedby thethin,
almoststraight,attachedleading-edgeshock.(Additionalstatic-pressure
instrumentationon themodelinteriorindicatedan internalMachnumber
of 2.8.)Hundredsof 6-microseconddurationflashschl.ierenphotographs
weretaken,none@fwhichshowedevidenceofhighfrequencyinterndttent
spillageor shockoscillationattheleadingedge.

Theleading-edgeshockfortheartificialtransitionis stronger
andsteeperthanforthenaturaltransition,andis followedby an
expansionregionat theendoftheleading-edgeroughness. A second
shockfollowsthisregion.Thereflectionlocationoftheleading-edge
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shockfromthetunnelwallbacktothemodeldependsprimarilyonthe .-
modeldismeter.Thedistancesfromtheleadingedgewherethereflected
shockintersectedthemodelarelistedinthefollowingtable(no
schlierendatawereavailableforthe3-and4-in.modelswithartificial -
transition]:

Model Distancefrom

NaturaltrsmitionArtificialtransition
leadingedge

(i:.) g

5-in. 19.2
4-in. 22.1
3-in. 24.6

5-in. 18.3

A comparisonofthelongitudinalMachnumberdistributionsoffigures4(a),
(b),and(c]andtherespectivedistancesintheprecetingtableshows
thatonlythe5-inchmodelexperiencessignificanteffectsonMachnumber
distributiondueto thereflectedleading-edgeshock. b

DatapreviouslytakenattheLewislaboratoryhaveshownthatthe
transitionfromlsminarto turbulentflowobservedbytheschlieren
methodcanbe correlatedwiththetransitionpointobtainedwithpitot

d

surveys.Theschlierenmethodhasbeenusedinthepresentinvestigation,
andfigu&e5(a)isa typicalexampleoftheappearanceofthetransition
region.Thepositionofthetrsmsitionpointvariedwithtimejthis
fluctuationwasobserved.by takinga largenumberofflashschlieren
photographs.Theextremefluctuationsofpositionwereabout1 inch
upstreamanddownstreamofa givenmeanposition.Infigure5(a]the
transitionlocationsonthetopandbottomwereaboutequal,butin some
casesconsiderabledifferencesinlocationwereobserved.An investiga-
tionwasalsomadeto determinewhethertherewasanyhysteresislagin
thepositionof thetransitionpoint,particularlyin goingfromone
pressureleveltoanother.Nonewasdetected. —

A plotofthetransitionReynoldsnumberbasedonthemeanlocation
ofthetransition.pointisgivenasa functionoftheleading-edgethick-
nessforeachofthevariousstagnationpressuresinfigure6. The
transitionlocationistheaverageofthemeanlocationsonthetopand
thebottomof themodelasobtainedfromschlierenphotographs.l?hemodel
diameterscorrespondingto thefourleading-edgethicknessesareinticated, ;w

Twosetsofdataappesrforthe4-inchmodel,correspondingtotwo
thicknessesoftheleadingedge. In thebeginningofthetestprQgram
itwassuspectedthatthesharpnessoftheleadingedgemaybe animpor-

?

tantfactorindeterminingtheboundary-layeFdevelopment,sinceunusually



2T NACATN 2742 9

.
largeboundary-layerthiclmessesweremeasuredneartheleadlngedge.
Accordingly,theleading-edgethicknesswasreducedfromtheinitial

. 0.012-inchthicbessto0.CK)2inchby boringtheinsideofthelipj
considerablyreducedboundary-layerthicknesseswerethenmeasured.
Figure6 showsthatthetransitionReynoldsnumbersvariedconsiderably
forthesetwoleading-edgethiclmesses,beingmuchgreaterforthelarge
thanforthesmallthichess.Dataforthe3- and5-inchmodels(which
hadintermediateleading-edgetblcknesses)areseento fallbetweenthe
dataforthetwo4-inch-modelleadingedges,indicatinga probableneg-

K ligibledependenceofthetransitionReynoldsnumberon themodeldiameter.
:

A verylargedependenceofthetransitionReynoldsnumberon the
tunnelstagnationpressureis indicatedin figure6. Changesin staaation
pressurefrom7 to40 ~unds persquare,inchabsoluteyielded2.2increases
intransitionReynoldsnumberforeachleading-edgethickness.Themaximum
totalchangeintransitionReynoldsnumberobtainedby varyingbothleading-
edgethicbessandstagnationpressureis from1.0to 3.5x106.Presumably
stilllargervaluescouldbe obtainedbyincreasingtheleading-edge
thicknessabove0.012inch.

. ThedecreasedtransitionReynoldsnumbersobservedat thelowstagna-
tionpressuresarebeLLevedtobe causedbytheincreasedthrottlingin
theairsupplytothetunnelplenumchsmberrequiredto attainthelower.
stagnationpressures.Measurementsof theinstantaneouspressuresin
theplenumchamberwitha Stathsmpressuretransducerindicatedthatthe
maximumfluctuationsinpressurewereapproximatelyequalat allstagna-
tionpressures.Hence,theturbulencelevel,expressedastheratioof
pressurefluctuationto totalpressure,increasedfordecreasesin tunnel
stagnationpressure.Themagnitudeofthemaximumfluctuationwasabout
0.8inchofmercury.

Temperature-RecoverYFactor

Temperature-recoveryfactorswerecomputedfrommeasurementsof
thewall-temperatureon the5-inchmodelhatingnaturalandartificial
transitionin orderto checkthevalidityof theassumptionof zero
heattransfermadeinthecalculationof theexperimentalvelocityand
densitydistributions.Theserecoveryfactorsaredefinedby

Tw - T1
R=—-.

.
‘o - ‘1

Y andareshownplottedagainstReynoldsnumber
rangeof stagnationpressure.

in figure7 forthefull
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An exsmi.nationoftherecoveryfactorsobtainedforthecaseof
naturaltransitionshowsan intialincreaseup to thetransitionpoint
(Rew

.
= 1.0X106to 2.3X106fromfig.6)anda gradualdecreasethereafter

intheturbulentregion.Thistrendagreeswiththeexperimentalresults
of reference6 totithin1 percentontherecoveryfactor,buttheresults
ofreference7 areabout6 percenthigher.Thespreadinthevaluesof —-
therecoveryfactorintheregion1X106<Rex< 3x106appearstobe related
to thetifferenttransitionReynoldsnumbersobservedatthevarious ~
pressuresin figure6. Thusthehighrecoveryfactorsnotedfortheruns
with7,12,and20poundspersquareinchabsolutestagnationpressure

N

areassociatedwiththerelativelyearlytransitionto turbulentflow.
Therunswith30 and50poundspersquareinchpressure,whichhadhigher
transitionReynoldsnumbers,hadnotablylowerrecoveryfactors.

Alltheartificialtransitionrecoveryfactorsshownin figure7
areforturbulentboundarylayers.At Reyuoldsnumbersfrom2 to 12x106
theserecoveryfactorsagreefairlywellwiththoseobtainedfornatural
transitionflows.Belowa Reynoldsnumberof 2x106theycontinueto
increaseabovethevaluesattainedat thehighReynoldsnumbersandabove
thevaluesshownforthelaminarboundary-layerflow. Similarobsezwa-
tionsweremadeinreference5 fortheflowovera flatplateat a Mach
nuniberof 2.4. ●

.

“

Thetheoreticalturbulentrecoveryfactorsofreference5 fora Mach
numberof3.05are-about4 percentlowerthantheresultsobtainedin
thisinvestigation.

EffectofModelDiameterandLeading-Edge

ThicknessonBoundary-LayerDevelopment

Measurementsweremadeonttieemodelsofdifferentdiametersto
determinethevariationofboundary-layerde~elopmentwithsurfacecurva-
turetransverseto theflow. Itwashopedthatthetrendsobservedfor
thevariousdismetermodelscouldbe extrapolatedtoestablisha relation
fortheboundary-layerdevelopmentona flatplate.However,thevery
greatdependenceof.theboundary-layerdevelopmentonthethicknessof
theleading.edge,whichvariedfromonemodelto another,precludedeven
a qualitativeestimateoftheeffectofmodeldi~eterontheboundary-
layerdevelopment. ● —

Figures8(a)and8(b)showthevariationofmomentumthicknessasa
functionoftheleading-edgethicknessforstagnationpressuresof12and
50poundspersquareinchabsoluteandnaturaltransition.Nearthe
leadingedgeswheretheflowsarepredominatelylsminarthemomentum
thicknessesarelargestforthe0.006-inchandleastforthe0.003-and
0.002-inchleadingedges.Fartherdownstreamintheturbulentregion
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.

thereversetrendisapparent.A comparisonofthemomentumthictiesses
at x = 21.5inchesforthevariousleadingedgesshowsthatreductions

. inmomentumthiclmessof 10to 20percentarepossiblebybluntingthe
leadingedgefromO.C02to 0.006inch. Presumablylargerreductionsin
dragwouldbeinticatedbydatafromthe4-inchmodelhavingthe0.012-inch
leadingedgeif suchdatawereavailable.

Theartificialtransitionresultsof figure8(c)wereobtainedfor
turbulentboundarylayersandindicatedecreasingmomentumthicknesses2 forthickerleadlngedges.Althoughthetrendsfortheartificialtransi-: tiondatafollowedthoseforthenaturaltransitionintheturbulent
region,thedistributionsofmomentumthicknessalongthemodelwerevery
irregular.

Becauseitis impossibleto establisha relationbetweenthecylinder
andflat-plateboundary-layerdevelopmentsfromtheexperimentalresults,
somealternateapproachmustbe employedto justifythecomparisons
tobe madebetweencylinderandflat-plateturbulentfrictioncoefficients.
Iftherelationbetweentheturbulentfrictioncoefficientsfora cylinder
anda flatplatemaybe assumedapproximatelysimilarto therelation

. betweenthelsminarfrictioncoefficients,thensucha comparisonmaybe
justifiable.Theoreticalcalculationsoftheincompressiblelaminar
frictioncoefficientsmadeforthe3-inchcylindermodelusingtheanal-. ysisofreference8 showa maximumincreaseof 2 percentoverthosefor
a flatplateata stagnationp-ssureof 12pouadspersquareinchabso-
lute,indicatingthatthecom~arisonstobe madehereinareprobablyvalid.

ComparisonofExperimentalandTheoreticalLsminarVelocityProfiles

lkminar-t~evelocityprofileswereobservedonallthemodelshating
naturaltransitionatReynoldsnumberslessthanthetransitionalvalues
indicatedon figure6,andonthe5-inchmodelhavingartificialtransi-
tionata stagnationpressureof 7 poundspersqxareinchabsolutefor
thep.sitions0.5,3.5,and6.5inchesfromthelea~Q3edge=Fiwe 9
showstheexperimentallaminarprofilesobtainedwithnaturaltransition
on thesideofthe5-inchmodelwiththe0.003-inchleating-edgethickness
andonthe4-inchmodelwiththe0.012-inchleading-edgethickness.The
theoreticaldimensionlessvelocityanddistanceparametersof reference9
havebeenusedtopresenttheexperimentaldata,andthetheoreticalcurve
for M= 3.05 hasbeenincludedforcomparison.

. Thefirstobservationtobe madeinfigure9 isthatalmostallthe
e~erimentalpointsfallto therightofthetheoreticalline,indicating
a morerapidboundary-layerdevelopmentthanthatpredictedby theory.
Thatthisgreaterinitialgrowthis dependenton thethicbessofthe
leadingedgecanbe seenbycomparingthetwoprofilesobtainedonthe
4-inchmodelwiththe0.012-inchleadingedgeat the0.5-inchposition
tiththoseobtainedonthe5-inchmodelhavinga 0.003-inchleadingedge.
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Thiscomparisonoftwodifferentdiametermodelsis justifiedbecause
the5-inchmodelhadthesameboundary-layerprofileneartheleading
edgeasthe4-inchmodelwiththe0.002-inchleadingedge. The0.012-inch “
leadingedgegivesboundarylayersfarthickerthanthe0.003-inchedge.
In addition,theboundarylayerswiththe0.003-inchedgehavean inflec-
tionintheprofilenearthefree-streamedgeoftheboundarylayerwhich
givesboundary-layervelocitiesin excessof streamvelocitiesby as
muchas 3 percent.Fromtheresultsconcerningtransitiondiscussed‘
earlier,thegeneralizationmaybe madethatthethickerleadingedge A
givesthickerinitialboundarylayersandlargertransitionReynolds lo
numbersthanthethinleadingedge.Further,theappearanceofthe $
velocitiesinexcessof thefree-streamvalueintheprofileisassociated
witha decreaseinthetransitionReynoldsnwber. ThislatterWint was
morefirmlyestablishedforthe3-inchmodelinwhichtheexcessvelocity
in theprofilewasalmostindiscernibleandthetransitionReynoldsnumber
wassubstantiallyhigherthanfortheothermodelshatinglargerexcess
velocities.Theexcessvelocityregionsshowninfigure9 arenotpartic-
ularlyimpressivewhenshownintermsof u/ul butbecomeverysub-
stantialintheindicatedpitotpressuresurveys.Theseregionswere
detectedas fardownstreamas3.5inches~theydiminishinintensityas
distanceincreases.

.

A furthercomparisonofexperimentandtheoryinfigure9 showsthat .
discrepanciesdiminishwithincreasingdistancedownstreamandwith
decreasingtotalpressures.Thediminutionwithdistanceistobe expected
sincetheeffectisassociatedwiththeleadingedge. Thethinnestlead-
ingedgesgavethebestagreementwiththeory. —

A possiblereasonforthepooragreementbetweentheexperimental
measurementsandtheoryintheregionneartheleadingedgemaybe that
thelargeprobesizerelativeto theboundary-layerthicknessmadeit
impossibleto obtainaccurate,Undisturbedboundary-layermeasurements.
However,thechangesin shapeofthemeasuedProfiles.correspondingto .
smallchangesinleading-edgethicknesswereassociatedwithchangesin
transitionlocationasnotedin schlierenphotographs.Forthisreason
itmustbe concludedthattheprobesaresufficientlysensitivetodetect
qualitativechangesinprofilecausedbyindependentvariations,suchas
changesintheleading-edgethic~ess.

Anotherpossiblesourceoferrorarosefromvibrationsofthemodels,
whichwerestrongestovertheforwardportionandathighstagnation
pressures.Thesevibrationsresultedfromthelongcantilevermounting
fromthesinglesupportstrutat therearandmaycontributeslightlyto

.

themeasuredboundary-layerthicknessovertheforwardportionofthe
model.Theturbulentprofilesarenot.believedtobe noticeablyaffected . “-
by thisvibration.
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TurbulentVelocityFrofilesandFrictionCoefficients
.

Twomethodsforstudyingsimilarityamongturbulentvelocityprofiles
arein commonusage.Inthefirstmethodthevariousturb~entvelocity
profilesareexpressedintermsofthenondimensionalvelocityU/U1 and
distmce y/6 or y/@. Thismethodhasbeenusedintheanalysisof
incompressibleandcompressibleflowboundarylayersandisusually
consideredto applyonlytotheouterpartoftheturbulentboundary
layer.Inthesecondmethodthesimilarityparametersarethenondimen-

~ sionalfrictionvelocityratiou/~ andthefrictiondistance
paremeter(p~~d) (Y/W)● TheseparametersdefinetheK&&universal
turbulentlogarithmicvelocityprofilewhichfollowsfromtheturbulent
mixinglengththeory.Thismethodhasbeenusedextensivelyforthe
analysisof subsonicturbulentboundary-layerdata,bothincompressible
andcomyressi.ble(e.g.,references10andll)Jhowever,itsa~lication
to supersonicturbulentboundary-layerdataisalmostunknown.Both
thesemethodswillbe usedto snalyzetheboundarylayersmeasuredin
thisinvestigationandto determinetheirrangeof application.

Thesubjectof greatestpracticalinteresthere,however,isthe
determinationofthefrictioncoefficientoverthewidestpossiblerange

. ofReynoldsnumber.Twoproceduresforpresentingskinfrictiontits
arecommonlyused. Thefirstprocedurerelatestheintegratedflat-plate
frictioncoefficientCf to theReynoldsnumberbasedon lengthofrun
Rex where Cf is determinedfrom

Thismethodwillbeusedtopresentfrictioncoefficientresultsfor
bothnaturalandartificialtransitionboundarylayers.Sinceforthe
caseofnaturaltransitiona psrtof themeasuredmamentum’thickness@
md thelengthofrun x orbothmaybe thoughtofasduetotheupstream
laminarlayer,theturbulentfrictioncoefficientCf as definedtillbe
incorrectandresultin lowvaluesofthecoefficient.Hence,a correction
equivalentto increasingthemomentumthickness@ or decreasingthe
lengthofrun x orbothisnecessaryto obtaina frictioncoefficient
forcomparisonwithempiricalformulasforturbulenttwo-dimensionalflow.
Suchcorrectionscanbemadewithlow-speedempiricalfrictionlawsas
guides..

InthesecondprocedurethelocalfrictioncoefficientCf isrelated

-, totheReynoldsrmuiberbasedonmomentumthicknessRe~ Thismethod
requiresno correctionto themomentumthicknessor lengthof runsince
therelationbetween~ and Re@ isgenerallybelievedtobe fairly
independentof theprevioushistoryoftheboundarylayerandthelocation
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ofthetransitionpoint.
investigatedby comparingthe

validityofthetwomethods
resultsobtainedfromeach.
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b
will thenbe

.

TurbulentvelocityProfilesuiul versusY/@.- Turbulentvelocity.- ,* -,

profilesu~ul againsty/@ areplotted-infigures10(a)and10(b)for -
representativelocationsandpressuresalongthesideofthe5-inchmodel
forbothriaturalandartificialtransition.Theseplotsshowapproximate
similarityoftheturbulentprofileswhetherproducednaturallyorarti-
ficiallyforvaluesof y/Gl>3.0 and,whencomparedwiththepower
profilesindicatedbythesolidlines,showtheclosestagreementwith
the1/7powerlaw. Thesomewhathigherdegreeof similarityinthearti-
ficialtransitionplotsfortheregionnearthewallreflectsthesmaller
variationin @ alongthemodellengthcomparedwiththatforthenatural
transition.

Integratedfrictioncoefficients.- In orderto,simplifythepresen-
tationoftheintegratedfrictioncoefficientdataandtofacilitatethe
subsequentcorrectionsto themomentumthicknessandlengthof runneces-
sarytoobtaincoefficientsfor100percentturbulentflow,thefriction
coefficientCf hasbeenexpressedintermsof theReynoldsnumbers
basedon.themomentumthickessandlengthofrun

cf=$=u3!
Rex

If itisassumedthattheintegratedfrictioncoefficientcambe expressed
intermsoftheReynoldsnumberraisedtoa powerasforincompressible
completelyturbulentflow

Cf=+
x

where K and n areconstents}thensubstitutingtheformerexpres-
sionfor Cf givesthefollowing:

Re@= $ (ReX)l-n

A plotofthesevariablesRe~ and Rex on log-logcoordinatesyields
a straightline,the slopeofwhichis l-n.

AllmeasurementsofRe~ and Rex fornatmalmd artificial
transitiononallmodelsareplottedinfi~es n(a) andn(b). A
singlelineapproximatingtheaveragedistributionO?theexperimental

.—

.

.

——

—
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pointshasbeenfairedin figuren(a). Thislineisa curveconcave
downward.If therequirementforpurelyturbulentflowthatthisline.
be straightis,tobe satisfied,thena constantadditionAR% = 0.6X103
ora subtractionARex= 0.6x106or somecombinationofthetwomustbe
made. Accordingly,suchcorrectionstotheoriginalcurvehavebeen
madeandarerepresentedby thesingledot-dashstraightlineoffig-
urel.l(a).Becausethefinalcurvehasa slopesonearlyequal”to1,a
correctioninvolvingARee givesthesamecorrectedlineas a correction

w involvingARex.
+
~ Thecorrectedlinemaybe representedbyan equationgivenin terms

oftheintegratedfrictioncoefficient

0.039cf.—
~e 0.19
x

orif a compressibilityfactorof theform
( )
l+~M12m is separated

. outandtheconstant0.074

. Cf=

oftheincompressiblelawis&ssumedcorrect,

0.074
( )

-0.6
~ l+~M12
x

ThefrictioncoefficientformulasofvonJQ%m& (reference12),ofWilson
(reference2),sndofRubesin,Maydew,andVargaintheirextendedFrankl
andVoishelanalysis(reference3} areshownin figuren(a) allbasedon
thesamelineartemperature-viscosityrelation.Thefozmlasgivenby
references2 and3 areseentobestfitthecorrectedexperimentaldata.

Strictlyspeaking,the.methodofapplyingthesecorrectionsisnot
exactbecausethesubtractionoradditionof a constantsmountARex or
AReO,respectively,impliesthattheturbulentflowbeginsatthesame
Reynoldsnuniberregardlessof stagnationpressureor leadlng-edgethick-
ness, Figure6 showed”that,actually,thetransitionReynoldsnumber
variedovera widerangewhichwassubstantiallyhigherthanthevalue
of ARex= 0.6x106usedforoneofthetwopossiblecorrectionsinfig-
uren(a)..However,there.isno reasonwhytheapparentbeginningof the
turbulentboundarylayer (ARex= 0.6i106)shouldcorrespondto the.
actualbeginningof,it,fortheformerwillhaveitsorigininthe,transi-
tionallayerimmediatelyfollowingtheinitiallaminarlayer.

Nevertheless,attemptsweremadeto correcteachsetof dataindi-
vidmllysoas to separateouttheeffectsofa varyingtransition
Reynoldsnumber.Becauseof extraneouseffects,forexsmple,possibly
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thoseassociatedwiththeleadlng
individualsetsofdataexhibited
transitionReynoldsnumbersRexm
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.
edgeor secondaryflows)someofthe
someseriousinconsistencies}suchas
havingnegativevalues.Ratherthan .

an attempttorationalizethese~nconsistenc~esortodiscardtheirregular
datapoints,theprocedureofincludingallthepointsinoneplotof
Re~ againstRex wasdecidedupon. Theresultsobtainedbythismethod
shouldthenbe understoodto containanaverageofalltheresultscor-
respondingto someaveragetransitionReynoldsnumber.

g
Thecorrespondingresultsforthemodelshavingartificialtransition”

areshownin figurell(b],andit istobe notedthattheexperimental
pointscanno longerbe ap~roximatedbya singlecurvedline,butrather
areapproximatedby a familyof curves- oneforeachpressure.

.-
Thedot-

dashlineshownistakendirectlyfromfiguren(a) whereitrepresented
thefinalcorrectionoftheoriginalexperimentalresults.In figuren(b)
theexperimentalpointsfalltotheleftofthecorrectedline,neces-
sitatingtheoppositecorrections}thatis,a subtractionARe~ or
additionARex. Thistime,however,a specificcorrectionvaryingwith
thepressureisrequiredfortheuncorrectedexperimentalcurvesto
approximatethedashedline.ApproximatecorrectionsARe~ and ARex
arelistedinthefollowingtablefortheartificialturbulenceflowon

.

allthreemodels:

5

P. 7

(lbsqin.abs)

ARe~ o

AR% o

12 20 30

-o.4tio3 -0.8x103-1.3~(33

,4fio6 .8X106 1.%106

50

-2.i’xMj3

3.5X106 .-

Thus,verylargecorrectionsareindicatedforthehigheststagna-
tionpressuresandnegligibleones,forthelowest.Thisincreased
discrepancyathighpressuresappearstobe analogousto theincreased
discrepancybetweenexperimentandtheoryinthecaseofthelsminar
boundarylayer(fig.9)wherethesamebehaviorwithpressurewasnoted.
Likewise,thegreatestpercentagedeviationsintheartificialtmbulent

—

boundary-layerdevelopmentexpressedintemgsofthemomentumthic~ess
occurredneartheleadingedge,againcomparablewiththelaminarboun&my-
layercasewherethepoorestagreementbetweenexperimentandtheorywas
observedclosesttotheleadingedge.Theeffectofaddingrcm~ess at .
theleadingedgeisthereforetocausea disturbancewhichincreasesthe
initialmomentumthicknessandwhichincreaseswiththepressureor
density. .

the
Localfrictioncoefficients.- Becauseof thearbitrarynatureof
assumptionsusedto correctthemeasuredvalues-ofRex and Re@
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inorderto obtaintherelationbetweenintegratedfrictioncoefficient
andReynoldsnumber,a differentapproachwastriedwhichwasexpected
to eliminatethenecessityofmakingcorrectionsfortheeffectivelead-
ingedgeor effectivemomentumthickness.In thissecondmethodthe
slo~eofthecurveofmomentumthicknessagainstx,whichisproportional
tothelocalfrictioncoefficientfora flatplate,wascorrelatedagainst
theReynoldsnumberbasedonthemomentumthickness.

Thecurvesofmomentumthiclmessagainstx whichwerefaired
throughtheexperimentalpointsareshowninfigure12. A carefulexamina-
tionoftheexperimentalpointsshowsthatthemomentumthicknessonthe
topandthebottomof themodelwasalmostalwayslargerthanon theside.
Forthisreasonthecurvesfairedthroughtheexperimentalpointsrepre-
sentaveragevaluesamongthetop,bottom,andside. Theselargedif-
ferencesinbountiry-layerdevelopmentpredominateintheturbulentregion
andappeartobe causedby differencesinthelocationofthetransition
pointorby generallylowstaticpressureson thetopandthebottomof
themodel.In thelsminarregionthedevelopmentinthethreecircum-
ferentialpositionsisverynearlyequal.

Thevaluesof d@/dx and R% obtainedwiththeaidof thefaired
curvesof figure12areshownplottedinfigure13. Alsoshownarethe
semiempiricalcurvesofWilson{reference2),ofRubesin,Maydew,and
Varga~sextendedWankl andVoishelanalysis(reference3),andof
vonK* (reference12),andthelsminarcurveof Cha~n andRubesin
(reference9),allwitha lineartemperature-viscosityrelation.A
comparisonin figure13(a)of theexperimentalresultsandthetheories
of references2 and3 showsgoodagreementup to R% = 5000. Above
thisvaluetheexperimentalpointsshowa generaldownwardtrend.

Figure13(b)showsthelocalfrictioncoefficientplotforartificial
transitiontogetherwiththetheoreticalturbulentcurvesindicatedin
figure13{a).In thiscasethereis littlecorrelationbetweenexperiment
andtheory.TheMscrepancyintheslopesofthedataisgreatestat the
highpressuresandleastat thelow,whichwasa characteristicobserved
toa certainextentforthenaturaltransitionresultsandalsoearlier
fortheuncorrectedplotof Re~ againstRex forartificialtransition
(fig.n(b)).

In orderto comparethefrictioncoefficientsobtainedbythetwo
methodsforboththenaturalandartificialtransition,theequations
obtainedfromtheresultsof figuresn(a) andn(b) wereconvertedto
the d@/dx againstRe@ coordinatesystemof figure13andarepresented
withthelocalfrictioncoefficientsin fi~e 14. Verygoodagreement-
betweenthetwomethodsisapparentforthenaturaltransitionup to
Re~= 5000. Theartificialtransitionresultsshowlittlecorrelation
throughout.Theseresultsshowthatfairlyt~icalcorrelationsof
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turbulentfrictioncoefficientwithReynoldsnumberarepossiblewithout
resortto correctionofanykindforthecaseofnaturaltransition,
boundary-layerflow. Suchcorrelationsarenotpossibleforthecaseof
artificiallyturbulentflows.

Turbulentvelocityprofilesu+ againsty+.- TheK&n&n similarity
parametersu+ and aregivenby thefollowingexpressions~local
valuesof densityandviscosityandwallvaluesfortheshearstressare
used:

Theassumptionsofa constanttotaltemperatureanda lineartemperature-
viscosityrelationwereusedin computingthequantitiesu+ and y+
by thefoll.owingequations,whicharerelatedto
andtheMachnumber:

u+=&
6

2

‘1 Cf

Inorderto computetheseparameters
localcoefficientscf foreachprofile.

thestagnationconditions

it is necessaryto know the
Thesewereobtainedfromthe

experimentalcurvesoffigure14. Eachoftheseveraldeterminationsof
frictioncoefficientshownin figure14wastriedtofindwhichgave
similarityamongthevariousprofilesintheturbulentregionnearest
thewallj thecurveobtainedfromtheplotof R% againstRex,where
correctionsfortheeffectiveleadingedgeormomentumdefectweremade,
gavethemostsatisfactoryresultsforboththenaturalandartificial
transitionboundarylayers,Thecurvesobtainedfromtheplotof cf/2
againstRee fortheartificialtransition(fig.13(b)) gavefriction
coefficientswhichproducedverylargediscrepanciesamongthevarious

*

.

—

.
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profilesintheplotof u+ against~. Therefore,if similarityof
r theturbulentprofilesmaybe assumeda satisfactorycriterionforjudging

whichdeterminationof thefrictioncoefficientismostreliable,then
itmustbe concludedthattheresultsobtainedbythecorrectionmethod
offiguresll(a]andU(b) arethebest.

Evenwhenthefrictioncoefficientresultsbasedon thecorrection
methodof figuresXl(a)andn(b) wereused,a slightdeviationfrom
similaritywasobserved.Thisdeviationwascorrectedto a meanline

$ representativeof alltheprofilesmeasuredlyadjustingthefriction
E coefficienta constantamountforeachindividualprofile,t5 percent

on theaverage.Theplotsof u+ againstlogP obtainedwiththese
correctionsto thefrictioncoefficientareshownin figures15(a)
and15(b)forthesameturbulentprofilespresentedearlierin fig-
ures10(a}and10(b),respectively.Goodsimilarityisapparentthrough-
outtheentirerangeofvaluesof u+ and logy+ exceptnearthe
outeredgeof theboundarylayerwherethemaximumvalueof u+ is
reached.Thevalueof u+ thereis givenby

.

This valueof u+- is
theedgeof theboundary

probablynotthetruemaxtiumvalueof u+ at
layer,becausetheshearstresstherehasbeen

assumedequalto thewallvalue.Smallreductionsin theshearstressor
frictioncoefficientneartheedgeof theboundarylayerthereforecould
producesimilaritythroughouttheentireboundarylayer.Thegreater
departurefromsimilarityfortheartificialtransitionbourdarylayer
comparedwiththenaturalin theregionnearthestresmedgeis caused
by increasedmixing,whichextendsthevelocityboundarylayerintoa
regionofrelativelylowshearingstress.

Includedin figure15forcomparisonwiththeexperimentalresults
arethetheoreticallsminarsublayerandturbulentlayercurvesfor
incompressibleflowfromreference10 andsometheoreticalturbulent
layercurvesforcompressibleflowcomputedfromreferenceIl. Making
dueallowancesfortheratherpooraccuracyinthelaminarsublayerallows
thisportionoftheexperimentalboundarylayer-tobe easilydistinguished
andidentifiedwiththetheoreticallsminarsublayercurve.

. Thetheoreticalrepresentationforincompressibleturbulentflowis
shownby thesinglestraightlineofreference8. Theequationof this.
lineis

.

u+ =5.5+* logy+
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where K = 0.40 andisuniversalforallincompressibleturbulent
boundarylayers.Themethodusedinreference11 todeterminetheeffect
of compressibilityresultedinan expressionforthecompressibletur-
bulentregionwhere u+ isa functionofboth ~ andtheshearstress
orfrictioncoefficient.Hence,thetheoreticalcompressibleturbulent
flowregionwillbe representedbya familyof linesdependingonthe
valueoftheshearstressassumed.Thecompressibleturbulentcurves
showninfigure15.werecomputedby themethodof reference11 fora ““
streamMachnumberof3.05andtWotypicalmlues of thelocalfriction
coefficient,0.00144and0.00250.TheconstantK wastakenas 0.40.

A comparisonofthecompressibleflowtheorywiththeexperimental
resultsshowsthatthegeneraltheoreticaltrendsareapproximately
borneoutby experiment.Somewhatbetteragreementbetweenthetwo
couldbe obtainedby titheradjustmentofthetheoreticalconstantK
andoftheintegrationconstantintheexpressionofreference11 for
thecompressibleturbulentflowregion.

Whentheeffectof compressibilityis consideredas in reference11,
thetheoreticalprofilesdependon theparticularvalueof friction
coefficientchosen.Theeffectof differencesintheassumedfriction
coefficientsis smallnearthewallandincreasesastheedgeofthe
boundarylayerisapproached,producinga distinctprofileforeachvalue
of thefrictioncoefficient.Theexperimentalfrictioncoefficients
weremodifiedsoastomaketheexperimentalprofilescoincideinthe
regionof.logy+= 1.7,andsimilaritythroughoutalmosttheentire
boundarylayerresulted.Theagreementbetweenexperimentandtheoryin
theregionof logy+= 1.7 isfoundtobe“good,butas largervaluesof
logy+ aretakentheagreementdiminishes.Theexperimentalpuintsare
seento forma universalcurvethroughouttheboundarylayerwhichagrees
withthetheoreticalcurveonlyintheregionnearthewall. In the
outerregionwhereeachofthetheoreticalcurvesdependson thevalue”
of thefrictioncoefficientassumed,theagreementispoor.

Sincesmallchangesinthemeasuredfrictioncoefficientwere
necessaryto establishthesimilarityof theturbulentvelocityprofiles,
itisof interesttonotewhatdifferenceshavebeenmadeinthecurve
of cf/2 againstR% originallytakenfromfigure14. In figure16
areshowntheoriginalcurveandthecorrectedvaluesof thefriction
coefficientnecessaryto establishsimilarityinfigures15(a)and15(b).
Boththenaturalandartificiallyturbulentboundary-layerresultsare
shownandareseentoagreeclosely.Thecorrectionstotheoriginal
curvedidnotexceed10percent.It thusappearsthatiftheprofiles,
aremadesimilarby adjustmentofthelocalfrictioncoefficients,then
thesefrictioncoefficientsremaincontinuousandsmoothfunctionsof
Re~ astheywerebeforeadjustmentanda goodcorrelationisobtained
bothfornaturalandforartificialtransition.

*

—
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* Thefollowing results
boundary-layerdevelopment

Sum&Y’OFRESULTS

wereobtainedfrom
ina zeropressure

theinvestigationof the
gradientatMachnumber3.05:

1.Thepositionoftransitionvariedwithtime,theextremepositions
beingabout1 inchupstreamanddownstreamofa meanlocation.

2.ThetransitionReynoldsnumberwasfoundto increaseforincreas-$ ingstagnationpressuresandforincreasingleading-edgethicknesses.P ThemaximumvariationintransitionReynoldsnumberwasfrom1.0to
3.5tio6.

3. Turbulenttem~eraturerecoveryfactorswerefoundto decrease’
slightlywithincreasingReynoldsnumber.Thelargestvaluesofthe
recoveryfactorwerefoundfortheinitiallyturbulentregionandincreased
withdecreasingtransitionReynoldsnumber.Naturalandartificial
transitionflowsgaveequalrecoveriesintheturbulentregionforequal
Reyuoldsnuuibers.

.
4.No distinctmodeldismetereffectwasfoundintheboundary-

layergrowth.If suchan effectexisted,itwasobscuredbyslightvari-
. ationsintheleading-edgethicknessforthedifferentmodels.The

thicknessoftheleadingedgehada pronouncedeffectontheboundary-
layerdevelopment.

5. Theagreementbetweentheexperimentalandtheoreticallsminar
boundary~layerprofileswasexcellentforlowstagnationpressures,large
distancesdownstreamoftheleadlngedge,andsmallleading-edgeradii.
Possibleerrorsdueto therelativelylargesizeoftheprobecompared
withtheboundary-layerthicknessmayhavesomeeffectonthequantitative
resultsfoundnearesttheleadingedge,butthegeneraltrendsobserved
areprobablycorrect.

6.Naturallyandartificiallyturbulent%oundary-layerprofilesof
thedimensionlessvelocityanddistanceparameters,u/ul againsty/0,
showedapproximatesimilarityin theouterportionof theboundarylayer,
andtheapproximationto thepowerprofilewasbestfora powerprofile
exponentN equalto 7.

7.Integratedturbulentfrictioncoefficientsfornaturalandarti-
ficialtransitionwerecorrelatedagainstReynoldsnumberbasedonlength
of runby suitablecorrectionstoaccountfortransitionandleading-edge
effects.Goodagreementwiththetheoreticalfrictioncoefficient

-1 formulasof”WilsonandofRubesin,Maydew,andVargaintheirextended
FranklandVoishelanalysiswasobtained.
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.

8. Localturbulentfrictioncoefficientsfornaturalandartificial
transitionwerecorrelatedagainstReynoldsnumberbasedonmomentum
thicknesswithoutmakinganycorrectionstoaccountfortransitionand .

leading-edgeeffects.Goodagreementwiththeorywasobtainedforthe
naturaltransitionboundarylayersup to a Reynoldsnumberof5000.
Verypooragreementwasfoundfortheartificialtransitionboundary
layers.

9.Naturallyandartificiallyturbulentboundary-layerprofiles
expressedintermsoftheE&?&nturbulentprofilevelocityanddistance A
parametersu+ and logy+,respectively,showedsimilaritythroughout 3
theboundarylayerexceptfortheregionnearestthestreamedge. The
departurefromsimilaritywasgreatestfortheartificialtransition
boundarylayerssadwasprobablycausedbya moreextendedregionoflow
shearturbulentmixing.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April10,1952

.
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APPENmX- SYMWLS

Thefollowingsymbolsareusedinthisreport:

proportionalityconstantin
reference9

localfrictioncoefficient,

tiscosity-temperaturerelationgivenin

~(J.,up/2

/
integratedfrictioncoefficient,friotiondragp1u12/2

exponentof

Machnumber

stresmMach

exponentin

exponentof

compressibilityfactor 1

number :
u

()
~N

powerprofilerelation,— = ~ul

Reynoldsnumberinfrictionformula

stagnationpressure

radiusofmodel

temperature-recoveryfactor

Reynoldsnumberbasedon lengthofrun

ReWoldsnumberbasedonmomentumthiclmess

Rex oftransition

streamstatictemperature

stresmtotaltem~rature

walltemperature

velocity

stre~velocity

K&m&turbulentboundary-layervelocity

distancealongmode-.fromleadingedge

distancenormaltomodel
.

K&&n turbulentboundary-layerdistance

parameter

parameter



NACATH2742

ratioof specificheatat constantpressureto specificheatat
constantvolume

boundary-layerthickness

two-dimensionaldisplacementthickness

two-dimensionalmomentumthickness

three-dimensionalmomentumthicknesson cylindricalbody

viscosity I

kinematictiscosity

density

stresmdensity

shearstressatwall
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